Objective: To evaluate systematically the effects of continuous positive airway pressure (CPAP) on blood pressure in patients with resistant hypertension and obstructive sleep apnea (OSA). Methods: The Cochrane Library, PubMed, ScienceDirect, and the Web of Science were searched for studies investigating the effects of CPAP on blood pressure in patients with resistant hypertension and OSA. The selected studies underwent quality assessment and meta-analysis, as well as being tested for heterogeneity. Results: Six randomized controlled trials were included in the meta-analysis. The pooled estimates of the changes in mean systolic blood pressure and mean diastolic blood pressure (as assessed by 24-h ambulatory blood pressure monitoring) were −5.40 mmHg (95% CI: −9.17 to −1.64; p = 0.001; I 2 = 74%) and −3.86 mmHg (95% CI: −6.41 to −1.30; p = 0.00001; I 2 = 79%), respectively. Conclusions: CPAP therapy can significantly reduce blood pressure in patients with resistant hypertension and OSA.
INTRODUCTION
Obstructive sleep apnea (OSA) is a chronic disease characterized by recurrent upper airway collapse during sleep leading to intermittent hypoxemia and sleep disruption.
(1) It has been estimated that 24% of all males in the 30-to 60-year age bracket and 9% of all females in the same age bracket have OSA. (2) Several studies have shown that OSA is a risk factor for cardiovascular diseases, including hypertension, heart failure, atrial fibrillation, and coronary artery disease. (3) (4) (5) (6) In 2003, the Seventh Report of the Joint National Committee on Prevention, Detection, Evaluation, and Treatment of High Blood Pressure identified OSA as an important identifiable cause of hypertension. (7) Resistant hypertension has been defined as blood pressure that remains above goal despite concomitant use of at least three classes of antihypertensive medications. Individuals with controlled blood pressure using at least four classes of antihypertensive medications are also considered to have resistant hypertension. International guidelines now recognize OSA as one of the most common risk factors for resistant hypertension. (8) Gonçalves et al. found that the risk of resistant hypertension is nearly five times higher in patients with OSA. (9) Similarly, Calhoun et al. found that 63% of all patients presenting to a clinic for resistant hypertension were at high risk for OSA on the basis of their responses to the Berlin Questionnaire. (10) In a prospective observational study, Lavie et al. found that the prevalence and severity of hypertension increased as the apnea-hypopnea index (AHI) increased. (11) Continuous positive airway pressure (CPAP) is the most widely accepted form of therapy for OSA and remains the gold standard for treatment. Although there is a significant amount of data on the effect of CPAP on hypertension, data on resistant hypertension are limited. (12) Therefore, we performed a meta-analysis to evaluate the efficacy of CPAP in patients with OSA and resistant hypertension.
METHODS

Inclusion criteria
We sought to evaluate systematically randomized clinical trials of the effects that CPAP therapy has on the blood pressure of patients with OSA and resistant hypertension. We included studies including patients over 18 years of age diagnosed with OSA and resistant hypertension, the latter having been diagnosed by ambulatory blood pressure monitoring (ABPM). Interventions included a control group receiving conventional antihypertensive therapy or placebo and a treatment group receiving CPAP therapy, treatment group patients having completed the treatment. Endpoints included mean systolic blood pressure (SBP) and mean diastolic blood pressure (DBP) as assessed by 24-h ABPM.
Exclusion criteria
The exclusion criteria were as follows: studies in which the sample size was < 10; nonrandomized controlled studies; early studies (i.e., studies published before 2010); repeated trials; studies with no control group; studies in which patients were used as their own controls; studies not providing the full original data; studies whose full-text articles were unavailable; and studies whose authors we were unable to contact.
Literature retrieval
We searched the following databases: the Cochrane Library; ScienceDirect; PubMed; and the Web of Science. We used the following search terms: "continuous positive airway pressure"; "CPAP"; "obstructive sleep apnea"; "OSA"; "apnea-hypopnea index"; "AHI"; "resistant hypertension"; "RH"; "refractory hypertension"; "resistant high blood pressure"; "randomized controlled trial"; and "RCT". The search was limited to original research articles published between January of 2010 and January of 2016. In addition, the ResearchGate social networking website was used in order to contact researchers for additional relevant studies.
Literature screening
In order to select the articles for inclusion, two researchers independently applied the inclusion and exclusion criteria to all of the studies selected by the aforementioned method. In cases of disagreement, a third member of the research team was consulted. Relevant data were extracted and cross-checked. In cases in which important data were missing from the selected studies, the authors were contacted by email or phone.
Quality assessment
The quality of the selected studies was assessed by the Jadad score, which ranges from 0 to 5. Articles with a Jadad score of more than 3 were included in our meta-analysis. Two researchers independently assessed the quality of the studies by applying the Jadad criteria. In cases of disagreement, a third member of the research team was consulted. All relevant data were subsequently extracted.
Statistical analysis
Meta-analysis
Meta-analysis was performed with the Review Manager (RevMan) software, version 5.3 (The Nordic Cochrane Centre, Copenhagen, Denmark). The I 2 statistics was used in order to assess heterogeneity (clinical heterogeneity and statistical heterogeneity), the level of significance being set at p < 0.1. For studies showing clinical homogeneity and statistical homogeneity (i.e., p > 0.1 and I 2 ≤ 50%), a fixed effect model was used; for those showing clinical homogeneity and statistical heterogeneity (i.e., p < 0.1 and I 2 > 50%), a random effects model was used. In the presence of significant clinical heterogeneity, only descriptive statistics were used. Continuous variables included weighted mean difference and standardized mean difference, the effects being expressed as 95% CIs. The level of significance was set at p < 0.05. Funnel plots were used in order to determine whether there was significant publication bias.
Heterogeneity test
Heterogeneity was analyzed by the method of subgroup analysis, which consists of dividing the data into smaller units and comparing the subgroups. On the basis of the AHI, body mass index (BMI), SBP, DBP, total duration of CPAP treatment, mean daily duration of CPAP treatment, Epworth Sleepiness Scale (ESS) score, and geographic location of the institutions, we divided the study sample into eight subgroups in order to analyze potential factors leading to heterogeneity.
Sensitivity analysis
Sensitivity analysis was performed by excluding studies that might affect the analysis and by using different correlation coefficients to observe the stability of the results.
RESULTS
A total of 423 articles were initially retrieved, and a total of 308 remained after duplicate entries were removed. Of the remaining articles, 6 (13) (14) (15) (16) (17) (18) were included in our meta-analysis ( Figure 1 ). The 6 included articles were randomized controlled trials (RCTs) and comprised a total of 479 patients. Of those, 245 had been control group patients and 234 had been treatment group patients. The basic characteristics of the 6 RCTs included in the meta-analysis are shown in Table 1 . Table 2 shows the baseline AHI, ESS score, BMI, SBP (as assessed by 24-h ABPM), and DBP (as assessed by 24-h ABPM) in the 6 RCTs included in our meta-analysis. Five studies examined the effects of CPAP treatment on mean daytime and nocturnal SBP in patients with OSA and resistant hypertension. The pooled estimates of the changes in mean daytime SBP and mean nocturnal SBP were −4.11 mmHg (95% CI: −9.06 to −0.84; p = 0.10; I 2 = 85%) and −3.17 mmHg (95% CI: −6.25 to −0.09; p = 0.04; I 2 = 90%), respectively ( Table 3 ). The pooled estimates of the changes in mean daytime Subgroup analysis was used in order to explore potential factors leading to heterogeneity. With regard to changes in mean SBP (as assessed by 24-h ABPM) before and after CPAP therapy, no heterogeneity was found among the eight subgroups for an AHI ≥ 30; an AHI < 30; a baseline SBP/DBP > 145/85 mmHg; a baseline SBP/DBP < 145/85 mmHg; a BMI < 32 kg/m 2 ; a CPAP treatment duration ≤ 3 months; a European location; or a study sample size ≥ 25 (Table 3) . With regard to changes in mean DBP (as assessed by 24-h ABPM) before and after CPAP therapy, it was unlikely that an AHI ≥ 30, a BMI < 32 kg/m 2 , a CPAP treatment duration ≤ 3 months, an ESS score of < 10, a European location, or a study sample size of < 25 were the factors leading to heterogeneity (Table 4) .
Meta-regression analysis showed that the ESS score, BMI, AHI, and age were not the factors leading to heterogeneity in mean SBP as assessed by 24-h ABPM. In contrast, there was a significant correlation between age and heterogeneity in mean DBP as assessed by 24-h ABPM (Table 5) .
A sensitivity analysis was performed by removing one study at a time from the combined effects model Table 2 . Baseline apnea-hypopnea index, Epworth Sleepiness Scale score, body mass index, systolic blood pressure (as assessed by 24-h ambulatory blood pressure monitoring), and diastolic blood pressure (as assessed by 24-h ambulatory blood pressure monitoring). Muxfeldt et al. (17) 41 (21) 11 (6) 33.4 (5.3) 129 (16) 75 (12) de Oliveira et al. Lloberes et al. (14) 50.1 ± 20.6 6.76 ± 3.7 31.4 (4.9) 139.2 ± 11.5 80.8 ± 10.8
Pedrosa et al. Lozano et al. (15) 52.67 ± 21.5 6.14 ± 3. in order to observe mean changes in effects and determine whether there were any differences between the combined effects model and the original model regarding heterogeneity and CIs. One study was found to have led to heterogeneity. Different standard deviations and correlation coefficients were used, but the results were not significantly different. Funnel plots showed no significant publication bias (Begg's test, p = 0.707; Egger's test, p = 0.347).
DISCUSSION
OSA has been acknowledged as an independent risk factor for hypertension, (11, 19, 20) being an adverse clinical factor that makes it impossible to control hypertension; in addition, OSA is the most common factor leading to resistant hypertension. (21) Given that CPAP performs extraordinarily well in maintaining continuous positive pressure in the respiratory tract and that it can effectively reduce the AHI, cardiovascular morbidity, and cardiovascular mortality, (22, 23) it is currently one of the most effective ways to treat mild, moderate, and severe OSA. However, there is still controversy as to whether CPAP can effectively control blood pressure.
The present meta-analysis showed that, in patients with OSA and resistant hypertension undergoing CPAP treatment, mean SBP and DBP (as assessed by 24-h ABPM) decreased by 5.40 mmHg and 3.86 mmHg, respectively. In addition, mean nocturnal SBP and DBP decreased value after CPAP treatment (2.11 mmHg and 1.55 mmHg, respectively). Although mean daytime SBP and DBP decreased by 4.11 mmHg and 3.17 mmHg, respectively, after CPAP treatment, the combined effects of CPAP on SBP were statistically significant.
We found two observational studies showing the effects of CPAP treatment on blood pressure in patients with OSA and resistant hypertension. Dernaika et al. (24) found that mean arterial pressure decreased by 5.6 mmHg after CPAP therapy (95% CI: 2.0-8.7; p = 0.03). Frenţ et al. (25) suggested that long-term CPAP treatment can significantly control blood pressure in patients with OSA and resistant hypertension. The findings of the two aforementioned studies are consistent with those of the present study.
Durán-Cantolla et al. (26) found that mean SBP and DBP (as assessed by 24-h ABPM) decreased by 2.1 mmHg (95% CI: 0.4-3.7; p = 0.01) and 1.3 mmHg (95% CI: 0.2-2.3; p = 0.02), respectively. Barbé et al. (27) found that, after CPAP treatment, mean SBP and DBP decreased by 1.89 mmHg (95% CI: −0.11 to 3.9; p = 0.0654) and 2.19 mmHg (95% CI: 0.93-3.46; p = 0.0008), respectively. Therefore, it can be inferred that CPAP treatment has significant effects on the blood pressure of patients with OSA and resistant hypertension. Iftikhar et al. (28) performed a meta-analysis of the effects of CPAP on blood pressure in patients with resistant hypertension and OSA and reported that the risk of target organ damage and cardiovascular complications is higher in patients with resistant hypertension than in those with nonresistant hypertension, having found that CPAP treatment resulted in a favorable reduction in blood pressure in the former.
In the present study, we performed a combined effects analysis of mean daytime SBP/DBP, and the results of the heterogeneity test revealed a fairly large heterogeneity in daytime SBP/DBP across the studies. A sensitivity analysis revealed that the heterogeneity was mainly due to a study conducted by Pedrosa et al., (18) who concluded that CPAP treatment cannot significantly improve mean nocturnal SBP/DBP but can significantly improve mean daytime SBP/DBP. This finding is similar to those of the present meta-analysis.
We found two studies in which patients received CPAP treatment, conventional antihypertensive therapy, or a combination of the two. Lozano et al. (15) found that the combined use of CPAP treatment and conventional antihypertensive therapy resulted in a more significant reduction in mean DBP (as assessed by 24-h ABPM) than did the use of conventional antihypertensive therapy alone. The results obtained by Litvin et al. (29) are consistent with those obtained by Lozano et al., (15) the former group of authors having found that the combined use of CPAP and conventional antihypertensive therapy resulted in a more significant reduction in blood pressure. Therefore, patients with resistant hypertension should receive a combination of antihypertensive therapy and CPAP treatment, the effects of which are more significant than are those of antihypertensive therapy alone.
Our subgroup analysis revealed that the AHI, BMI, and ESS score were in the subgroup at risk of developing OSA and might be factors leading to heterogeneity. This is possibly due to the fact that the severity of OSA has an impact on the treatment of hypertension.
The present meta-analysis has some advantages over two earlier meta-analyses. (28, 30) First, all 6 studies included in our meta-analysis are RCTs. Second, we compiled a more comprehensive literature set, our results therefore being more convincing. Finally, in order to explore as many factors leading to heterogeneity as possible and provide a better explanation for the observed results, we adopted a variety of approaches to testing heterogeneity.
The present study has limitations. First, because of the limitations of our method of literature retrieval, it is possible that relevant studies were left out. Second, the number of RCTs included in our meta-analysis was rather small. Third, we did not control for confounding factors such as mean patient age, type of antihypertensive medication, degree of obesity, and genetic factors. Finally, the control groups were not homogeneous across studies. Despite these limitations, the results of the present study can be used in order to inform future studies.
In conclusion, CPAP treatment has an effect on patients with OSA and resistant hypertension. When treating patients with hypertension, physicians can prescribe CPAP treatment or CPAP treatment in combination with conventional antihypertensive therapy for those with concomitant OSA. 
